In a nature reserve, climate change can lead to a significant decline in insect abundance and severe restructuring of communities. This article is protected by copyright. All rights reserved.
Introduction
The "Great Acceleration of the Anthropocene" is regarded as one of the biggest threats to the future of the biosphere and humanity (Steffen et al., 2015) . Resulting effects on biodiversity comprise losses in species abundance, biomass, diversity, changes in community composition (Dirzo et al., 2014; McCauley et al., 2015) , trophic structure (Smol et al., 2005) and shifts in phenology (CaraDonna et al., 2014; Stefanescu et al., 2003) . For example, various studies have highlighted that birds (Inger et al., 2015) , amphibians (Houlahan et al., 2000) and insects (e.g., Hallmann et al., 2017) have shown a severe decline in abundance or biomass.
Similar declining trends were observed in butterflies in the United Kingdom (Conrad et al., 2006; Warren et al., 2001) and Germany (Wenzel et al., 2006) , in butterflies and Dipterans in Greenland (Høye et al., 2013) , and in aquatic invertebrates in the UK (Beche & Resh, 2007; Durance & Ormerod, 2007) . A recent meta-analysis by Sánchez-Bayo & Wyckhuys (2019) showed that based on 73 individual studies "almost half of the [insect] species are rapidly declining and a third are being threatened with extinction".
Such changes in abundance and diversity are often accompanied by increased temporal community turnover, as shown by an increased instability of chironomid and diatom communities in numerous circumarctic lakes in the last decades due to changes in temperature and niche availability (Jackson & Sax, 2010; Smol et al., 2005) . Moreover, changes in community abundance and species richness are often reflected in changes of functional feeding groups, indicating not only taxonomic but also functional alteration of community composition (Jourdan et al., 2018) .
However, several of the aforementioned studies are based on meta-analyses compiling data from several long-term studies that focused on the basic question of whether communities are changing, with little or no focus on the pattern of that change (Christensen et al., 2018) .
Analyses including data on environmental drivers that may explain such changes are even scarce. Among these drivers is climate change. For example, climate warming often increases primary production (Hejzlar et al., 2003) and accelerates metabolic rates (VanLooy et al., 2016) , thereby influencing the developmental time of organisms and their phenology (Asch, 2015; Hejzlar et al., 2003; Jourdan et al., 2019) . Changes in an organism"s phenology, in turn, can then lead to a disruption of biotic interactions and ecosystem functions via a temporal mismatch between, for example, pollinators and plants, or prey and predators (Høye et al., 2013; Roy & Sparks, 2000) . Disentangling the effect of climate change on biodiversity is challenging because ecosystems are often exposed to a variety of interacting anthropogenic stressors (Floury et al., 2013; Larsen et al., 2018; Schäfer & Piggott, 2018) . Thus, while we have strong evidence for severe changes in biodiversity in the Anthropocene, identifying and quantifying the underlying patterns and drivers of these changes is still difficult. In addition, as climate change is a long-term phenomenon, disentangling its effects on biota requires very comprehensive data on biodiversity, climate, and other potentially interacting drivers, ideally as continuous long-term data. To date, such datasets are scarce.
Our study utilises an exceptional quantitative long-term dataset comprising 42 years of continuously collected weekly resolution aquatic insect data from a pristine first order stream within a nature reserve in central Germany -the Breitenbach (Wagner et al., 2011) . Insect abundance and diversity (mayflies [Ephemeroptera], stoneflies [Plecoptera] and caddisflies
[Trichoptera]-from here on referred to as EPT) were continuously sampled throughout the sampling period and were accompanied by two key environmental variables of lotic ecosystems, namely water temperature and discharge data recorded daily over the same sampling period.
The absence of common anthropogenic pressures (pollution, hydromorphological degradation, pesticides, weirs, etc.) including invasive species in its catchment allows for addressing a basic question in ecology: what is the impact of climate change on structuring communities without confounding stressors? (Schäfer & Piggott, 2018) . We expect that climate change has already increased temperature and altered precipitation patterns subsequently affecting discharge patterns. As the Breitenbach insect communities are adapted to cold water, we hypothesize considerable changes in community composition: Particularly we expect that the shift from cold headwater conditions towards warmer, downstream like conditions will lead to an increase in species richness, abundance and diversity (Maiolini & Lencioni 2001) . The changes in abundance, richness and diversity will be reflected by shifts in the trophic structure of the insect communities due to a shift in the river continuum towards more downstream conditions (Vannote et al., 1980) . Moreover, we expect a shift in community phenology by an increased duration of the emergence period driven by increasing temperatures.
Methods
All data used in this paper were collected on a daily or weekly basis at the Breitenbach stream, located in a German nature reserve (50°39'42N 9°37'26E) between January 1969 and December 2010. The absence of anthropogenic stressors, except for climate change, is shown by the physico-chemical variables that never exceed natural background levels and constantly stayed within a "good" water quality class according to the EU Water Framework Directive 2000 (EU Comission, 2000) : for example: pH: 7.2±0.6, O 2 : 11±3 mg l -1 , ammonium: 0.007±0.01 mg l -1 , nitrate: 0.8±0.4 mg l -1 and organic orthophosphate [SRP]: 0.04±0.05 mg l -1 ; Wagner et al., 2011) . Further variables and values are given in Wagner et al. (2011) .
Aquatic insects belonging to the EPT orders (mayflies, stoneflies, caddisflies, that are known to be susceptible to a broad variety of stressors) were collected on a weekly basis throughout the 42 years of observation using a stationary greenhouse-like emergence trap, which covered the whole stream and part of the riparian area over a length of 12 meters. All insects were automatically trapped in ethanol jars. Samples were then counted and identified at species level (Wagner et al., 2011) . In parallel and at the same site, water temperature and discharge were manually measured several times per day on all days between 1969 and 1984 and, after 1984 , by an automated measurement station (Wagner et al., 2011) . We used mean annual water temperature as a predictor, and mean annual air temperature to control for the artefacts in our mean annual temperature calculation. Additionally, another two traps, labelled "A" and "C" were operated in identical manner. Trap "A" was operated between 1984 and 1996, and trap "C" between 1974 and 1986 while trap "B" covered the entire period (1969-2010) ( Fig.   S1 ).
In our analysis, we used four standardized discharge patterns (as described in Wagner et al., 2011 and shown in Fig. S3 ) as categorical variables, instead of mean annual discharge or maximal discharge, because Wagner et al. (2011) showed that the insect community in the Breitenbach responds more strongly to seasonal discharge patterns than to absolute discharge. Accordingly, we used annual discharge patterns that are based on the magnitude of the coefficient of variation of discharge level during the "hydrological" year (i.e. October to September; Fig. S2 ). Four annual discharge patterns were identified: "dry" pattern was characterized by low discharge, lower than 20 L*min -1 ; "wet" pattern included years with discharge between 20 and 50 L*min -1 ; "aseasonal" pattern was characterized by irregular spates; and "spring spates" were characterized by extreme discharge events (spring rain and thawing of high winter snow; Wagner et al., 2011) . Initially, we also ran models using mean and maximum annual discharge but we did not find any significant correlations between mean and maximum discharge and the community metrics used in our models.
Community metrics calculation:
We used the annual sum of emerged individuals of each of the in total 125 EPT species to calculate overall insect abundance and community metrics.
Annual sums are commonly used in studies investigating inter-annual changes in biodiversity (Hallmann et al., 2019) . We calculated the proportion of the functional feeding groups using the software ASTERICS, Version 4.04 (www.fliessgewaesserbewertung.de). We further calculated Shannon diversity, species richness and evenness using the vegan package (Oksanen et al., 2019) in R and the interannual abundance-based species turnover, as a measure of qualitative and quantitative change in community composition, using the turnover function of the R package codyn (Hallett et al., 2016) .
Analyses of changes in phenology require a minimum number of individuals per species because a sporadic occurrence of species biases population trend analyses. Thus, we restricted our phenology analysis to those species with a cumulative number of individuals of 500 or more individuals over the entire 42 years collection period. The resulting 31 species accounted for 97% of total abundance of all 125 EPT species in the traps.
To investigate the phenological shifts in species over time, we considered the following phenophases for each species and the whole community: "date of peak emergence" (date of occurrence of the median point of the emergence, i.e. when 50% of individuals had emerged; Asch, 2015) and duration of the emergence (number of days between start and end of the emergence).
Data analysis:
We fitted linear models using Generalized Least Squares (gls function in the R package nlme; Pinheiro et al., 2019) to test the impact of the environmental factors (mean annual temperature, annual discharge pattern and their interactions) on community abundance, diversity (Shannon diversity and species richness), turnover and trophic structure (proportion of functional feeding groups). We excluded the time variable (year) from the final models, due to high collinearity of this variable with temperature increase (VIF= 4.34, usdm package in R; Naimi et al. , 2014) . In order to account for the autocorrelation in the time series, we specified the correlation structure using the corAR argument in the gls function.
Prior to the analysis we standardized all variables (Asch, 2015) to obtain standardized slopes as effect sizes. We ran seven gls models with the following structure:
Dependant variables: Community abundance / Shannon's diversity / species richness/ total community turnover ~ mean annual temperature + discharge pattern + mean annual temperature * discharge pattern Relative abundance of trophic groups ~ (mean annual temperature + discharge pattern + mean annual temperature * discharge pattern) * trophic group identity Duration of the emergence / date of peak emergence ~ mean annual temperature + discharge pattern + mean annual temperature * discharge pattern + community abundance
No major violations of model assumptions (e.g. normal errors distribution, homoscedasticity)
were detected in any of the models. Model results are reported as ANOVA tables, using ANOVA function in car package and as a standardized slope as effect sizes (Schielzeth, 2010) . In each case, for the factorial arguments, one level of the factor was selected as a baseline, which is thus missing in the model output. Additionally, we plotted the interaction effects of temperature and discharge pattern, when significant, using the visreg R package (function visreg; Breheny & Burchett, 2017; Fig. S5 ).
Due to the spurious nature of individual species abundance data and non-normal distribution of the errors, we used the non-parametric Mann-Kendall test to detect the trend and direction of changes in the population abundances of each species over time. Prior to the application of the Mann-Kendall test, data were checked for autocorrelation. In the case that temporal autocorrelation was detected, we applied a modified Mann-Kendall test for serially correlated data following the Hamed and Rao Variance Correction Approach (modified mk package, mmkh function) (Hamed & Rao, 1998; Orlandi et al., 2010) . To access a rate of change in the time series, we applied a non-parametric Sen's slope estimator, using the mblm function in the R package mblm (Orlandi et al., 2010) . We used the Sen's slope estimator to measure rates of change in mean annual water temperature, total community abundance, phenology and functional feeding groups. For species richness, Shannon diversity and evenness where trends were non-linear, the percentage rate change reported in the paper was based on the trend line predicted by the geom_smooth function of ggplot2 (Wickham et al., 2016) . All data analyses were conducted in R version 3.4.1 -"Single Candle" (R. Core.Team, 2013) .
Results
Although characterized by large fluctuations, during the 42-year period of observation, the annual mean water temperature has increased on average by 0.044°C per year, resulting in an overall increase of 1.88°C between 1969 and 2010 ( Fig. 1a , Table S1 ). Mean and maximum annual discharge did not change significantly (Table S1 ). However, we recorded directional shifts in discharge patterns, particularly towards more "dry" years ( Fig. 1b, Fig. S2 ; Wagner et al., 2011) .
Our analyses revealed a decline in the total abundance of insects by 81.6% over the past 42 years (-477 individuals/year; Fig. 2a , Table S1 ), while species richness (Fig. 2b) , Shannon"s diversity ( Fig. 2c ) and evenness ( Fig. 2d ) increased in a non-linear way: Initially all three metrics increased until 1989/1990 by 21.3%, 28.3% and 24.8%, respectively (Fig. 2) , and then started declining by 10.5%, 4.3% and 1.9%, respectively (Fig. 2) . Our gls models revealed that the decrease in abundance is paralleled by increasing temperature (Tables 1 and   S2 ). The increases in Shannon"s diversity, species richness and evenness are concomitant with increasing temperature and changes in discharge pattern. Specifically, stronger increases in Shannon"s diversity and species evenness with warming occurred during aseasonal and wet years, while stronger increases in species richness with warming occurred during years with spring spates (Tables 1 and S2, Fig. S5 ). The interannual turnover rate significantly increased over the observation period (by 34%, Fig. 3a) , concomitant with an increase of the water temperature; the stronger increases in turnover with warming occurred during dry years (Tables 1 and S2, Fig. S5 ). In addition, we examined turnover between decades (Fig. 3b) , to illustrate gains and losses of species. Based on a comparison of the 1 st and 4 th decade of observation we found that 20 species were gained, while six were lost. However, these changes were non-linear when examined on a decadal basis: species gains were largest between the 1 st and 2 nd decade and almost matched losses between the 3 rd and 4 th decade (Fig.   3b ). Our analysis on functional feeding group composition revealed an impact of water temperature and discharge patterns on trophic structure, with predators and passive filterfeeders resulting as "winners", whereas grazers and scrapers as the main "losers" (in terms of abundance change) ( Fig. 3a , Table S3 ).
Across the community, the mean duration of the emergence period increased by 15.2 days over the 42 year period (Fig. 3c , Table S1 ). The increase in the mean duration of the emergence period is concomitant with the increase in the mean annual temperature, with stronger increases with warming occurring in dry and aseasonal years ( Tables S2 and 1, Fig.   S5 ). The peak emergence date (Asch, 2015) shifted to an earlier date by 13.4 days for the whole period of observation (Fig. 3d , Tables S2 and 1). This shift in peak duration comes along with an extended duration of emergence (Fig. 3d ). Excessively dry years, high mean annual temperature, high insect abundance and species richness as well as the interaction between high mean annual temperature and wet and aseasonal years were all connected to earlier emergence peaks. The interaction of high mean annual temperature and the occurrence of dry years and high Shannon"s diversity were linked to later emergence peaks (Tables S2   and 1 , Fig. S5 ).
The analysis of population trends showed that 17 species (55%) of the 31 most abundant species (representing 97% of the total abundance) exhibited significant shifts in their peak emergence date (Fig. 4a) , and 13 (42%) in their emergence duration (Fig. 4b) . The analysis of the same 31 species showed that for 11 of these species (35%) abundance decreased significantly, for 3 species (10%) abundance increased, while for 17 species (55%) it remained unchanged (Fig. 1) . Greatest losses in abundance were observed in the predominant feeding groups, such as grazers/scrapers, while passive filter feeders increased in abundance.
Discussion
Based on long-term high resolution biotic and abiotic in situ data, our study provides a striking example of the high complexity and non-linearity in the response patterns of an aquatic insect community to climate change over a 42-year observation period. Furthermore, our data show severe short-term fluctuations (<5 years) in almost all metrics, clearly emphasizing the necessity of long-term monitoring and questioning the usefulness of time series analyses that also incorporate data covering short time periods (e.g. Dornelas et al., 
2014; > 3 years).
At the beginning of the observation period, the high abundance of the Breitenbach insect community mainly goes back to very high abundances of the ten most dominant species (Fig.   S3 ). This is not unusual for a cold first-order stream with temperatures only allowing a few specialist species to establish larger populations while most other species present in such streams are only able to establish small populations resulting in the overall lower diversity rates initially observed (Wagner et al., 2011) . The continuous increase in water temperature allowed further species to establish sizeable populations in the Breitenbach, while the previously dominant species declined in abundance (potentially driven by warming and/or increased competition) but did not go extinct. These changes in abundance, richness and turnover resulted in an increase in Shannon diversity and evenness. However, in the second half of the observation period (starting around 1990), discharge patterns changed significantly: while the first half of the observation period was characterized by the erratic occurrence of all four discharge patterns, the second half was exclusively characterized by "dry" or "aseasonal" discharge conditions, leading to changes in streambed sediment composition and thus in habitat structure (Wagner et al, 2011) . Starting around 1990, these changes in discharge patterns together with continually increasing water temperatures altered the response of various community metrics except abundance which continued declining: richness which had initially increased reached a tipping point and started declining; the same applies to Shannon diversity and evenness but to a lesser extent. A recent study (Kakouei et al., 2018) predicted that an increasing frequency of low-flow events will cause a decline in abundance of rheophilic taxa but an overall increase in abundance in freshwater communities due to increases in low-flow generalists, while Smol et al. (2005) have shown that an increase in temperature (approx. 1850-1990) in cold-water ecosystems have already led to an increase in diversity due to increased primary production and immigration of warm-adapted species.
Our results show that in cold headwater streams climate change may initially lead to an increase in diversity (confirming Smol et al., 2005) while over time, a tipping point might be reached eventually leading to a declining trend (confirming Kakouei et al., 2018) .
Although a few species initially dominated the Breitenbach insect community, the severe decline in abundance applies to many more species (Fig. S4) . The overall 81.6% decline in total abundance corresponds to an average loss of 1.94%/year, which is similar to the annually loss of 1.88% in forest beetles over 44 years in the US (Harris et al., 2019) .
However, in our case richness slightly increased over time (by approximately 10%), meaning that although the vast majority of individuals have been lost, the number of species is now slightly higher in the Breitenbach. Yet, species gains were prominent in the first two decades, while losses increased significantly in the last two decades bringing gains and losses to an equilibrium. This continuous change in interdecadal turnover is masked when only considering the total change over the 42-year period (first and last decade) where gains were much higher than losses. If the observed trend of decreasing gains and increasing losses will continue in the near future, the declining trend in richness-which has already begun-may accelerate. This is a striking example, highlighting that long-term studies need to be continuous if we aim to understand changes in community structure. Some studies on insect population trends only rely upon an initial and a final survey (e.g., Lister and Garcia 2018), which may lead to misinterpretation of the underlying dynamics involved as shown by our study.
In our study, about 35% of the EPT species declined in abundance, a result which agrees with a recent review of Sanchez-Bayo and Wyckhuys (2019, but see Thomas et al., 2019) on global declining trends among Ephemeroptera (37% of species declining) and Plecoptera (35% declining) as well as the average number of terrestrial insects declining (38% of species). In turn, the proportion of species that increased in abundance (10%) or remained virtually unchanged (55%) is also similar to the temporal trends reported for various insect taxa in the meta-analysis by Sanchez-Bayo and Wyckhuys (2019) . Overall, the declines in species abundance of aquatic insects parallel the declines in terrestrial insect species The observed changes in climate also led to substantial shifts in insect phenology. It is known for plants (CaraDonna et al., 2014) , mayflies (Harper & Peckarsky, 2006) and butterflies (Stefanescu et al., 2003 ) that communities exposed to prolonged warming tend to change their phenology towards an earlier flowering or emergence date, respectively. Our study demonstrates similar patterns amongst aquatic insects. The protracted emergence of aquatic insects in the Breitenbach might lead to a temporal desynchronization of life histories among interacting species (Høye et al., 2013) , for example between predators (e.g. spiders) and prey (i.e. adult EPT species).
The observed changes in abundance, diversity and phenology are paralleled by shifts in the trophic structure of the Breitenbach insect community. The changes in discharge pattern towards "dry" or "aseasonal" from 1990 onwards improved the conditions for passive filterfeeders (decreased damage of the filtering nets by current; Floury et al., 2013; Houghton & Holzenthal 2010) , with the passive filter-feeding caddisfly Wormaldia occipitalis (Pictet, 1834) becoming the biggest winner among all the species in the Breitenbach. In turn, altered discharge patterns also potentially reduced biofilm availability as stones became covered by fine sediment due to increased sedimentation, leading to significant declines of grazers/scrapers (Kakouei et al., 2018; Wagner et al., 2011) .
Since there is no evident anthropogenic pressure such as water pollution, land use change and species invasions in the Breitenbach catchment, climate change is arguably the single most important factor that drove the recorded changes in abundance, community structure and phenology. Nevertheless, we cannot exclude the impact of other external factors, such as changes in metacommunity structure (Leibold et al. 2004 ), due to a lack of appropriate long-term data from surrounding streams. If, for example, the insect communities of the neighbouring streams are declining due to anthropogenic stressors this may cause source-sink dynamics affecting the Breitenbach insect community. Such "surrounding" effects have, for example, been described by Seibold et al. (2019) . This might be an additional driver of the observed severe decline in abundance. Therefore, it is important to set-up future long-term monitoring studies that comprise several sites within a certain metacommunity to investigate long-term effects of potential changes within a metacommunity.
The Breitenbach is a headwater stream belonging to the stream type "small low mountain streams" which is the most common stream type in Germany and also common in many neighboring countries (e.g., Czech Republic, Slovakia, France). Given the dendritic network structure of riverine ecosystems, headwater streams are the most abundant features of riverine networks. Although it is only a single stream, the Breitenbach is representative of the most common stream type in Central Europe. While we acknowledge the lack of spatial replication in our study, there is always a trade-off between spatial and temporal resolution. Our study analyzes the most comprehensive long-term dataset on stream insects in the world with weekly in situ measurements of richness, abundance, diversity, accompanied by daily water temperature and discharge measurements as well as monthly data on further abiotic variables over 42 years. This dataset is unique allowing for in-depth analyses, unravelling complex response patterns of insect communities towards environmental changes over time that may not be captured by snapshot data, time series with an average length <10 years or studies investigating only one or a few elements of community structure such as biomass. Just as an example: if our analyses were only based on the first 21 years of the entire 42-year period, the results would have been significantly different compared to analysis of the latter 21 years only. This is important to bear in mind when interpreting large-scale studies where time series data that cover different time fractions are combined. The importance of the total length of a time series (including the aspect of the starting and end date) also explains why, for example, Seibold et al. (2019) found an overall decline in terrestrial insect richness from 2008-2017, while we found an overall increase in insect richness from 1969-2010. By restricting our data to the last two decades, richness is also declining. We emphasize the importance of high resolution, continuous long-term data in studying the impact of climate change and urge for caution when interpreting low resolution data. Comprehensive long-term biodiversity data accompanied by comprehensive abiotic data are a treasure that we need to preserve.
Table 1 | Results of generalized least squares models for environmental and community metrics in the Breitenbach. All variables were standardized, and effects sizes are given. Standard error and t-statistics are in brackets. Pattern ("dry", "spring spates", "wet"): different discharge patterns; Mean T°C: mean annual water temperature. All dependent variables were standardized (z-score). Pattern "aseasonal" used as a baseline for the model. Significant values are highlighted in bold: *p<0.05; **p<0.01. Four discharge patterns were used in our study: "dry" years (low discharge; green dots), "wet" years (high discharge; purple dots), "aseasonal" pattern (irregular spates during the year; red dots), and "spring spates" (blue dots) with at least one extreme discharge event in spring (for a detailed description see Wagner et al. 2011 ; Fig S2) . 
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